In flies, the chromosomal kinase JIL-1 is responsible for most interphase histone H3S10 32 phosphorylation and has been proposed to protect active chromatin from acquiring 33 heterochromatic marks, like dimethylated histone H3K9 (H3K9me2) and HP1. Here, we show 34 that JIL-1's targeting to chromatin depends on a new PWWP domain-containing protein 35
To understand the function of JASPer in the JJ-complex, we generated the JASPer cw2 null 144 allele by imprecise excision of the P-element in an appropriate EP line. The deletion 145 encompassed the coding region of both described transcripts ( Fig.2a ). Analysis of the 146 salivary glands of homozygous JASPer cw2/cw2 mutants showed that JASPer was not 147 detectable by Western blot (and on chromosome spreads (Fig.2b,c) . Remarkably, JIL-1 was 148 also not detectable in the absence of JASPer. To confirm the decrease of JIL-1, we looked at 149 the diagnostic H3S10ph mark, which is also lost in this post-mitotic tissue (Fig.2d ). As also 150 described for the JIL-1 z2/z2 hypomorph mutant 14 , global H3K9me2 levels were unchanged 151 ( Fig.2b) but the mark redistributed from the chromocenter to the euchromatic chromosomal 152 arms, in particular of the X chromosome ( Fig.2d ). Although the JASPer cw2/cw2 mutant mostly 153 phenocopies the JIL-1 z2/z2 mutant, the polytene chromosomes retain their characteristic 154 banded pattern (Figs.2c,d) , which are lost in the JIL-1 z2/z2 mutant 30 . This observation is 155 consistent with the partial lethality of the JASPer cw2/cw2 mutant (54% of expected survival, 156 n=1496) as compared to the lethal JIL-1 z2/z2 mutant. Ablation of JASPer by RNA interference 157 in cultured cells also led to loss of JIL-1 ( Fig.2e ). JIL-1 was depleted to the same level by 158
RNAi against jil-1 or jasper in S2 and Kc cells, suggesting that JIL-1 is unstable in the 159 absence of JASPer. The JIL-1 transcript level was unchanged upon jasper RNAi in our RNA-160 seq experiments, excluding regulation at the transcription level ( Fig.2f ). 161 162
JASPer binds nucleic acids and recruits the JJ-complex to H3K36me3 nucleosomes 163 in vitro 164
In addition to the LEDGF JIL-1-binding domain, JASPer harbors a PWWP domain at its N-165 terminus (Fig.1c ). PWWP domains have a positively charged surface favoring DNA binding 166 and an aromatic pocket for methyl-lysine binding [for review 31 ]. Conceivably, this domain is 167 responsible for the recruitment of the JJ-complex to chromatin. As expected, recombinant 168
JASPer had significant affinity for DNA in electrophoretic mobility shift assays (EMSA), while 169 JIL-1 showed no detectable binding under the same conditions ( Supplementary Fig.4a ). A 9-170 fold molar excess of JASPer shifted all DNA molecules. Apparently, several JASPer 171 molecules can bind simultaneously one DNA molecule as at least three retarded bands 172 appeared in the EMSA and the most retarded ones correlated with higher JASPer 173 concentration. JASPer also bound a 123 nucleotide long RNA hairpin 32 in a dose-dependent 174 manner ( Supplementary Fig.4b ). 175
To decipher the binding specificity of JASPer and the JJ-complex for nucleosomes, we used 176 a library of 115 different types of DNA-barcoded nucleosomes bearing different histone and 177 DNA modifications 33 . Recombinant, FLAG-tagged JASPer or FLAG-tagged JJ-complex were 178 coupled to α-FLAG beads, incubated with the nucleosome library, washed and the pulled-179 down nucleosomes were quantified by sequencing of the associated indexes. The wild type 180
JASPer showed high specificity towards nucleosomes bearing the single H3K36me3 181 modification (Fig.3a) . This modification was ~40-fold enriched in the IP relative to the 182 unmodified nucleosome used for normalization. Mutation of two residues in the aromatic 183 cage to alanines (Y23A and W26A) abolished specific H3K36me3 binding ( Fig.3a ). Similar 184 results were obtained for the JJ-complex, where H3K36me3 was ~70-fold enriched over the 185 unmodified nucleosome, only if the aromatic cage is intact (Fig.3b ). In accordance with the 186 DNA binding activity shown in EMSA ( Supplementary Fig.4a ), we found a ~3-to 9-fold 187 enrichment of the two nucleosome-free DNAs used as controls in the library. The enrichment 188 (~2-to 7-fold) of nucleosomes bearing acetylated H3 tails, could be due to their lower 189 assembly efficiencies, as described 33 . Alternatively, it could reflect, at least in part, the better 190 accessibility of the linker DNA in those nucleosomes, as acetylation of the H3 tail decreases 191 its binding to the linker DNA [34] [35] [36] . Acetylation may thus favor linker DNA-dependent binding 192 by JASPer, as shown for the PWWP domain of PWWP2A 34 . These results point towards a 193 mostly ionic interaction between the overall positively charged JASPer (pI of 8.3) and the 194 negatively charged sugar-phosphate backbone of the DNA as has been proposed for other 195 PWWP domains to synergize with the aromatic cage for high-affinity binding of H3K36me3 196 nucleosomes. The PWWP domain contacts both DNA gyres next to the H3 tail exit site 197 through its basic surface and the aromatic cage engages with the K36me3 residue 37,38 . 198 JIL-1 is a potent kinase in vitro and phosphorylates isolated H3 peptide (amino acids 1-20) or 199 full-length histone H3. However, the isolated kinase proved to be inactive on nucleosome 200 arrays in vitro even at high molar ratios of kinase to nucleosome 6 . To explore whether the 201 Fig.9a ). The per-gene analysis showed for both cell lines that upon jasper and jil-1 RNAi 282 transcriptional output of many genes changed over a wide range of expression levels, with 283 more genes being down-regulated (fdr < 0.05) (Fig.5a ). The changes upon jasper and jil-1 284
RNAi correlate (r = 0.597 in S2 and r = 0.561 in Kc cells), indicating that depletion of the JJ-285 complex and of JIL-1 alone have a similar phenotype ( Supplementary Fig.9b ). Remarkably, 286 transcription of X chromosomal genes is globally reduced upon depletion of either protein in 287 male S2, but not in female Kc cells ( Fig.5b) . To explore the underlying molecular 288 mechanisms, we monitored changes in the diagnostic histone modifications H3K9me2 and 289
H4K16ac at expressed genes upon JIL-1 depletion in male S2 cells using the spike-in ChIP-290 seq approach ( Supplementary Fig.9c ). In agreement with a decreased expression of X-291 chromosomal genes, a small increase of H3K9me2 and a slight decrease of H4K16ac were 292 observed. We related the slight increase of H3K9me2 to an increased susceptibility of the X 293 chromosome to invasion of patches of heterochromatin as also seen in control cells 294 ( Supplementary Fig.9c ). The decrease in H4K16ac on the male X chromosome observed 295 both globally ( Fig.4a ,b) and specifically at expressed genes ( Supplementary Fig.9c ) suggests 296 that JIL-1 may affect H4K16ac indirectly. 297
Altogether our results suggest that JIL-1 overall positively regulates gene expression and 298 that the effect is most pronounced on the X chromosome in male cells. 299
300
The JJ-complex localizes to non-LTR transposons of the HTT arrays at telomeres and 301 positively regulates their expression in male S2 cells 302 JIL-1 is the only known activator of the expression of non-LTR retrotransposons of the HTT 303 arrays (HeT-A, TAHRE and TART-A/B/C), which is essential for telomere maintenance in 304 Drosophila 18,19 . Mapping our ChIP-seq data to the consensus sequences of 126 D. 305 melanogaster transposable elements (TEs) we found that a subset of them showed an 306 enrichment of H3K36me3 and JJ-complex in S2 cells ( Fig.6a ). H3K36me3, JASPer and JIL-1 307 are strongly enriched at all transposons of the HTT arrays as well as at the LTR-308 retrotransposons Gypsy5 and 3S18 ( Fig.6a ). Depletion of JIL-1 and JASPer by RNAi led to 309 statistically significant reduced expression (fdr < 0.05) of the majority of TEs (Fig.6b , 310 Supplementary Fig.10a ). The good correlation of the effects of each RNAi (r = 0.850) 311 supports the idea of a joint action of JIL-1 and JASPer in a functional complex 312 ( Supplementary Fig.10b ). Among telomeric TEs, which are bound by the JJ-complex, the 313 expression of HeT-A and TART-A is reduced after JASPer depletion and TART-B and -C are 314 additionally down-regulated after JIL-1 depletion. However, we do not robustly detect 315 expression of TAHRE. Even though we found many more significantly down-regulated TEs in 316 S2 cells, we propose that this is indirect as these TEs lack detectable H3K36me3 enrichment 317 and JJ-complex binding ( Fig.6a,b ). However, the TEs of the HTT arrays seem to be mostly 318 active and lack H3K9me2. Upon JIL-1 depletion, we detected an increase in H3K9me2 at the 319 TEs of the HTT arrays, except for TART-C ( Fig. 6c , Supplementary Fig.11 ). Concomitantly, 320 the enrichment of JASPer, is decreased at all transposons of the HTT arrays upon JIL-1 321 depletion ( Supplementary Fig.11 ), suggesting that JIL-1 contributes to the enrichment of the 322 JJ-complex at telomeres. 323
Altogether, we propose that TE's of the HTT arrays acquire H3K36me3 when they are 324 transcribed and recruit the JJ-complex to maintain their active state at least in part by 325 preventing heterochromatization. 326
327
The JJ-complex associates with other chromatin complexes 328
To elucidate the interaction network of the JJ-complex, we immonoprecipitated JASPer with 329 various antibodies under stringent conditions from embryo extracts and identified associated 330 proteins by mass spectrometry. We identified 69 statistical significantly enriched proteins (p-331 value < 0.05 and log 2 fold-change > 4) ( Fig.7a, Supplementary Table1 ). The five most 332 enriched GO terms associated to those proteins include 'chromatin remodeling', 'protein 333 acetylation', 'chromatin organization' and 'transcription from RNA Pol II promoters' and its 334 regulation ( Fig.7b ). Among the most enriched interacting proteins we found BOD1, Dpy-335 30L1, Rbbp5 and Set1, subunits of the Set1/COMPASS complex mediating promoter-336 proximal H3K4 di-and trimethylation [for review 46 ]. Dpy-30L1 and Rbbp5 are common 337 subunits of the different COMPASS complexes, containing one of the three histone 338 methyltransferases Set1, Trx and Trl in flies. Interestingly, BOD1/CG5514 had not been 339 described in the D. melanogaster Set1/COMPASS complex but is a specific subunit of the 340 Set1B/COMPASS complex in humans 47,48 . The next most represented interactors were the 341 related PBAP and Brm remodeling complexes with e(y)3, polybromo, Bap170, Bap111 and 342 Snr1 ( Fig.7a and Supplementary Fig.13 ). Further subunits of the PBAP/Brm complex and 343 other subunits of remodeling complexes were also enriched, though below statistical 344 significance of this experiment (Fig.7b ). Furthermore, we found the heterochromatin 345 components Su(var)3-7 and Su(var)205 (HP1) significantly enriched ( Fig.7a ), which are 346 known to genetically interact with JIL-1 14,15 . Several published interactors of JIL-1, like 347
Chromator 49 or MSL1 and MSL3 44 were not detected or not significantly enriched, possibly 348 because of more dynamic association. Among the subunits of the DCC, only MOF was 349 detected together with other subunits of the alternative MOF-containing NSL (non-specific-350 lethal) complex ( Fig.7a ). NDF (nucleosome destabilizing factor) which was found associated 351 with JIL-1 by mass spectrometry after cross-linking 50 was also enriched ( Fig.7a ). NDF has 352 recently been shown to destabilize nucleosomes in front of the transcribing polymerase, but its depletion had only minor effects on overall transcript levels 51 . We speculated that the JJ-354 complex and NDF may have redundant functions on transcription. Therefore, we compared 355 the transcriptome changes in male S2 cells after RNAi depletion of either JASPer or NDF 356 alone, or in combination. Although, the depletion efficiency is only partial for NDF 357 ( Supplementary Fig.12a ), but PCA separates the single jasper and ndf RNAi samples well 358 from the control samples ( Supplementary Fig.12b ). However, the combined depletions 359 showed no increased variance, and the expression changes after JASPer or NDF depletion 360 show only a weak correlation (r = 0.39, Supplementary Fig.12c ). Although, JASPer and NDF 361 co-localize to active genes marked by H3k36me3, they seem to not have redundant roles in 362 the regulation of steady state mRNA levels. 363
In summary, we found the JJ-complex associated with the Set1/COMPASS and several 364 nucleosome remodeling complexes. These finding may provide novel links for the regulation 365 of chromatin structure and function through the JJ-complex. 366 367
Discussion

368
We showed that JIL-1 kinase forms as stable complex with a so far uncharacterized protein 369 encoded by CG7946. We named the protein JASPer (JIL-1 Anchoring and Stabilizing 370 Protein). Both proteins form the JASPer/JIL-1 (JJ)-complex ( Fig.1) , which is the major form of 371 JIL-1 kinase in vivo, since JIL-1 is unstable in the absence of JASPer (Fig.2) . The interaction 372 is mediated by a short stretch of conserved residues within JIL-1's CTD containing a 373 conserved FxGF motif and the LEDGF domain of JASPer. This interaction mode seems to 374 be conserved throughout the animal kingdom, since the human JASPer ortholog PSIP1 (or 375 LEDGF/p75) binds via its LEDGF/IBD (Integrase Binding Domain) domain to various 376 interaction partners, including HIV integrase, MLL1-MENIN complex and IWS1 containing the 377 conserved FxGF motif 29 . These interactions may also trigger deleterious targeting. For 378 example, PSIP1 is hijacked by the HIV integrase to ensure integration of the virus genome in 379 active chromatin, or PSIP1 mis-targets the MLL1 fusion in mixed-lineage leukemia (MLL), 380 inducing malignant transformation. Interestingly, the stability of the interaction with MLL1 is 381 regulated through phosphorylation 29 . We found similar proteins and complexes associated 382 with the JJ-complex under stringent IP-MS conditions. The most prominent interactors, Dpy-383 30L1, BOD1, Rbbp5 and Set1 are subunits of the Set1/COMPASS complex, which is related 384 to the human MLL complexes. Several subunits of the PBAP/Brm complex as well as other 385 remodeling complexes are also enriched with the JJ-complex and contribute to the most 386 enriched GO term ( Fig.7) . 387
We suggest that JASPer drives the targeting of JIL-1 to active chromatin through its PWWP 388 domain. The protein binds DNA and RNA as well as H3K36me3 nucleosomes in vitro. We 389 propose that the recruitment of the JJ-complex to the body of active genes enriched in 390 H3K36me3 (Fig.3) is the main recruitment mode of JIL-1 kinase to chromatin, but we do not 391 exclude that additional interactions implicating other partners occur at promoters and 392 enhancers as described earlier 8, 21 . Recently, the protein PWWP2A protein was described to 393 bind H2A.Z-containing nucleosomes at the 5' end of transcribed genes as well as active 394 gene bodies decorated with H3K36me3 using two different binding modules 34,52 . 395
The same targeting principle by JASPer binding via its PWWP domain to H3K36me3 may be 396 used to recruit JIL-1 to telomeric HTT transposons ( Fig.6 ). However, it is not clear if those 397 transposons acquire H3K36me3 through the Set2-dependent methylation associated with 398 elongating RNA Pol II, as coding genes do 53 or by another mechanism. 399
The recombinant JJ-complex has a strong kinase activity towards S10 on isolated H3 in vitro 400 but the efficiency of phosphorylating H3S10 in nucleosomes is very low (Supplementary 401 Fig.4 ). H3K36me3 is essential to bring JIL-1 to active chromatin, but is not sufficient to 402 unleash its kinase activity towards nucleosomes in vitro. We speculate that JIL-1 may need 403 to be activated by specific signals generated within chromatin or downstream of a signaling 404 pathway, similarly to its orthologous kinases MSK1/2 [for review see 54 ]. However, the 405 nucleosome may not be the physiological substrate for JIL- 1 It is attractive to speculate that JIL-1 may affect gene activity indirectly through installation of 419 a phospho-methyl switch in interphase. Accordingly, phosphorylation of S10 prevents 420 methylation of H3K9, which would hinder heterochromatinization by inhibiting further H3K9 421 methylation and HP1 binding 9,14 . We found that in JASPer cw2/cw2 deficient flies, as already 422 described for JIL-1 z2/z2 null flies, heterochromatin histone marks and HP1 spreads from the 423 chromocenter especially to the X chromosome on polytene nuclei of salivary glands (Fig.2d ). 424 JIL-1 depletion in S2 cells induces a small but significant increase of H3K9me2 on genes 425 ( Supplementary Fig.8,9c ) in S2 cells. The quantification of H3K9me2 on transposons of the X 426 chromosome is not yet possible due to the lack of annotation of these elements. However, 427 transposons of the HTT arrays, which are in a heterochromatic environment, clearly acquire 428
H3K9me2. The apparent difference in the magnitude of H3K9me2 spreading between the 429 salivary gland cells and S2 cells might be due to several reasons. First, the strong mitotic 430
H3S10ph by Aurora kinase B might reset the system at each cell division in cultured cells. 431
Second, the endoreplication in salivary gland cells might exacerbate the antagonism 432 between H3S10ph and H3K9me2 due to replication as described in mESCs 7 . Third, the 433 absolute amount of H3K9me2 spreading on the X chromosome, although evident on 434 polytene chromosome preparations might be low, as observed in mESCs 7 . 435
The most prominent effect in our RNA-seq experiments is the specific reduction of X-436 chromosomal transcription in male S2 but not female Kc cells. Because the JJ-complex is 437 also enriched on the X chromosome in male cells in a JIL-1-and dosage compensation 438 dependent manner ( Fig.4 ), there may be a link either to the specific compensation 439 mechanism established by the DCC or to a more general compensation mechanism known 440 to occur in response to variation in copy number of genes. Such a 'generic' compensation 441 mechanism has been described in many eukaryotes, as well as in various Drosophila cell 442 lines 59,60 . There are two main arguments for the first scenario: the enrichment of the JJ-443 complex on the X chromosome in males depends on the DCC and decreases with increasing 444 distance to HAS [ 6 and Supplementary Fig.8b ] and we documented a weak but consistent 445 interaction of the recombinant JJ-complex and partial DCC ( Supplementary Fig.8c ). 446
Finally, we can imagine a role for the JJ-complex in the context of safeguarding genome 447 stability threatened by R-loop formation. The presence of H3S10ph at transcribed regions 448 has been related to the formation of R-loops, and proposed to be important to prevent 449 genomic instability 61,62 . In Drosophila cells, almost 50% of R-loops detected by GRID-seq 450 appear within genes 63 . The formation of R-loops and associated proteins could trigger the 451 activation of JJ-complex for efficient H3S10 phosphorylation. Ectopic H3S10ph by JIL-1 452 correlates large-scale chromatin opening in vivo 64 although H3S10ph per se has no effect on 453 chromatin structure in vitro 65 . Conceivably, other proteins than H3 may be relevant 454 substrates for the JJ-complex. Chromatin remodeling enzymes, which correspond to the 455 most significantly overrepresented GO term in our unbiased IP-MS analysis of the JJ-456 complex interaction network would be good candidates for such regulation. 457
In summary, we showed that JASPer is essential for JIL-1 function: it stabilizes JIL-1 and 458 recruits it to transcribed chromatin. Future goals will be to unravel the signaling events that 459 lead to activation of the JJ-complex, its non-histone substrates and role in modulating 460 chromatin structure and function. were washed with serum-free medium and 10 µg dsRNA per 10 6 cells at a concentration of 470 10 µg/mL in serum-free medium (10 6 cells in 6-well plate) was added, incubated for 10 min at 471 room temperature (RT) with slight agitation and further 50 min at 26°C. Two volumes of 472 complete growth medium were added and cells were incubated for 3 days at 26°C. At day 3, 473 cells were split, reseeded and retreated as at day 1. Cells were incubated for further 4 days 474 at 26°C. dsRNA was generated from PCR products obtained using the following forward and 475 reverse primers (separated by comma): 476 The JJ-complex and JASPer were expressed in Sf21 cells and purified by FLAG-tag affinity 518 chromatography, as previously described 68 with minor modifications. In brief, Sf21 cells at 519 10 6 cells/mL (250*10 6 cells) were infected 1:1000 (v/v) with baculovirus, expressing JJ-520 complex or JASPer-FLAG. After 72 h, cells were harvested and washed once in PBS, frozen 521 in liquid nitrogen and stored at -80°C. To lyse, cells were rapidly thawed, resuspended in 522 0.4 mL Lysis Buffer per 50 mL of culture (50 mM HEPES pH 7.6, 400 mM NaCl, 1 mM 523 were incubated for 10 min at RT. EMSA with RNA was performed as described in 32 with 553 2.5 nM 123 nt 32 P-labeled roX2-123 RNA. 554
Generation of JASPer null mutant fly line 555
The JASPer null allele cw2 was isolated in a screen for imprecise excisions from the EP-556 element line GS3268 from the Kyoto Stock Center using standard techniques 70 and as 557 previously described 1 . The approximate breakpoint locations were determined by PCR-558 analysis as shown in Fig.2c . 559
Antibodies 560
Polyclonal antibodies against JIL-1, α-JIL-1 R69 and R70 were described in 6 and Hope in 20 . Spot CCD camera. Photoshop (Adobe) was used to pseudocolor, image process, and merge 582 images. Non-linear adjustments were performed for some images of Hoechst labeling for the 583 best chromosomal visualization. 584
Embryo extracts 585
Nuclear extract from embryos were prepared 12 hour embryo collections as described in 76 . 586
JASPer identification 587
For preparative immunoprecipitation (IP), 300 µg nuclear embryo extract 0-12h at a 588 concentration of 3 mg/mL in HEMG100 buffer (25 mM HEPES pH 7.6, 100 mM KCl, 10% 589
(v/v) glycerol, 0.1 mM EDTA, 12.5 mM MgCl 2 ) were used per IP. Protein A and Protein G 590 beads mix (1:1) (GE Healthcare) were washed with HEMG100. The diluted extract was 591 pre-cleared with 15 µL (30 µL 50% slurry) Protein A:Protein G beads mix by incubating with 592 end-over-end rotation for 1 h at 4°C. Beads were pelleted and supernatant was directly used 593 for IP. For IP, the reaction was added to 15 µL (30 µL 50% slurry) Protein A:Protein G beads 594 (GE Healthcare) pre-coupled with antibodies. For pre-coupling, beads were washed with 595 HEMG100 buffer and incubated with end-over-end rotation for 1 h at 4°C with 2 µg 596 antibodies in HEMG100, using affinity-purified α-JIL-1 R69 and R70 and non-specific rabbit 597
IgG as control. Beads were washed with HEMG100, the extract was added and incubated 598 with end-over-end rotation for 1 h at 4°C. Beads were spun down and washed three times 599 with HEMG100. Proteins were eluted by incubating beads with HEMG100 supplemented with 600 0.5% (m/v) N-lauroylsacrosine with end-over-end rotation for 1 h at 4°C. Proteins were 601 separated by 4-20% gradient SDS-PAGE with Coomassie brilliant blue G250 staining and 602 the most prominent band was cut out for mass spectrometry analysis. 603 604
Immunoprecipitation with mass spectrometry analysis and data analysis 605
For IP/MS analysis, IP's were performed from two independent nuclear embryo extracts with 606 two different α-JASPer polyclonal Sera (GP13 and GP14) and two different culture 607 supernatants containing monoclonal antibodies (6F7 and 4D8), as negative control a non-608 specific serum or culture medium was used. In brief, 400 µg of extract was diluted to 609 1 mg/mL in BBN buffer (10 mM Tris/Cl pH 8.0, 140 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-610 100, 0.1% (v/v) Na deoxycholate, 0.1% (v/v) IGEPAL-CA-360, 0.5 mM DTT) supplemented 611 with cOmplete EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich). Protein G beads 612 (GE Healthcare) were washed thrice with 10 bed volumes BBN buffer. The diluted extract 613 was pre-cleared with 10 µL (20 µL 50% slurry) Protein G beads by incubating with 614 end-over-end rotation for 1 h at 4°C. Beads were pelleted at 4°C for 5 min at 500 g and 615 supernatant was directly used for IP. For IP, the reaction was added to 25 µL (50 µL 616 50% slurry) Protein G beads (GE Healthcare) pre-coupled with antibodies. For pre-coupling, 617 beads were washed thrice with BBN buffer and incubated with end-over-end rotation for 618 3-4 h at 4°C with 1.5 mL culture supernatant containing monoclonal antibody and culture 619 medium as control or 2 µL serum in BBN buffer. Beads were washed thrice with BBN buffer, 620 the extract was added and incubated with end-over-end rotation for 3-4h at 4°C. Beads were 621 spun down and washed thrice with 40 bed volumes BBN buffer and twice in 10 bed volumes 622 50 mM Tris/Cl pH 7.5 by incubating with end-over-end rotation for 10 min at 4°C. The whole 623 IP was used for trypsin digestion and mass spectrometry analysis. For LC-MS/MS purposes, 624 desalted peptides were injected in an Ultimate 3000 RSLCnano system (Thermo), separated 625 in a 15-cm analytical column (75µm ID home-packed with ReproSil-Pur C18-AQ 2.4 µm from 626
Dr. Maisch) with a 50-min gradient from 5 to 60% acetonitrile in 0.1% formic acid. The 627 effluent from the HPLC was directly electrosprayed into a Qexactive HF (Thermo) operated 628 in data-dependent mode to automatically switch between full scan MS and MS/MS 629 acquisition. Survey full scan MS spectra (from m/z 375-1600) were acquired with resolution 630 R = 60,000 at m/z 400 (AGC target of 3x10 6 ). The 10 most intense peptide ions with charge 631 states between 2 and 5 were sequentially isolated to a target value of 1x10 5 , and fragmented 632 at 27% normalized collision energy. Typical MS conditions were: spray voltage, 1.5 kV; no 633 sheath and auxiliary gas flow; heated capillary temperature, 250°C; ion selection threshold, 634 33.000 counts. MaxQuant version 1.5.2.8 77 was used to identify proteins and to quantify by 635 iBAQ with the following parameters: Database, UP000000803_7227_Drome_20160809; MS magnetic beads (New England Biolabs) to deplete the biotinylated MMTV DNA and MMTV 672 nucleosomes. All nucleosome arrays were purified by selective MgCl 2 precipitation 85 . 673
Recombinant H3 was prepared from inclusion bodies as described in 86 . Prior to the label-free 674 kinase assays, the ratio of JJ-complex to H3 was determined by radioactive kinase assays 675 using γ-ATP and 50 µM non-radioactive ATP in 20 µl total reaction volume as described 676 earlier 6 . Using 2.5 pmole of JJ-complex and 10 pmole of H3 per assay yielded an 677 incorporation of 1 phosphate per H3 molecule. We used the same conditions in the label-free 678 kinase assays with 1 mM of non-radioactive ATP. All reactions were performed in parallel 679 with JJ-complex containing wild type kinase and JJ-complex containing the kinase dead 680 mutant, which is inactive because mutated at both active sites (D407A and D759A). formaldehyde solution (w/v) methanol-fee (Thermo Fischer)] per 10 mL culture at RT. The 704 reaction was stopped by adding 125 mM glycine and incubating for 10 min on ice. Cells were 705 washed twice in PBS and snap-frozen in liquid N 2 . For nuclei isolation, cells were rapidly 706 thawed and resuspended in PBS supplemented with 0.5% (v/v) Triton X-100 and cOmplete 707 EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich) (PI) and 5% 79f7Dv3 cells, processed 708 as described for S2 cells without RNAi treatment, relative to S2 cells were added, volume 709 was adjusted to 7 * 10 7 cells/mL and cells incubated for 15 min at 4°C with end-over-end 710 rotation. Nuclei were collected by centrifuging at 4°C for 10 min at 2000 g and washed once 711 in PBS. For chromatin fragmentation, nuclei were spun down at 4°C for 10 min at 2000 g, 712 resuspended in RIPA (10 mM Tris/HCl pH 8.0, 140 mM NaCl, 1 mM EDTA, 1% (v/v) 713
Triton-X 100, 0.1%(v/v) SDS, 0.1% (v/v) DOC) supplemented with PI and 2 mM CaCl 2 at 714 7 * 10 7 cells/mL and digested in 1 mL aliquots by adding 0.6 U MNase (Sigma Aldrich), 715 resuspended in EX50 at 0.6 U/µL 88 , and incubated at 37°C for 35 min with slight agitation. 716
The reaction was stopped by adding 10 mM EGTA and placing on ice. Digested chromatin 717 was sheared with Covaris AFA S220 using 12x12 tubes at 50 W peak incident power, 718 20% duty factor and 200 cycles per burst for 8 min at 5°C. Subsequent steps were 719 performed as described in 45 
Genome coverage 758
ChIP-seq reads were extended to 150 bp and per base normalized genome coverage 759 vectors were calculated as described in 95 . For normalization using D. virilis spike-ins, per 760 base coverage vectors were normalized to the sum of D. virilis genome coverage vectors 761 multiplied by 20 to adjust for difference in cell number. To generate non-input normalized per 762 base genome coverage vectors, raw coverage vectors were normalized to million mapped 763 reads (rpm). 764
Browser profiles 765
Browser profiles were generated by calling the function plotProfiles from tsTools version 766 0.1.1 (R) (https://rdrr.io/github/musikutiv/tsTools/) by using mean per base genome coverage 767 vectors after smoothing by computing running medians on 501 bp windows calling the 768 function runmed (endrule = "keep") (R). 769
ChIP-seq analysis 770
Two H3K36me3 MNase ChIP-seq replicates in Kc and S2 cells each were previously 771 published (GSE94115) 87 and the two Inputs for sonication ChIP-seq (GSE119708) 45 . For 772 gene-centric ChIP-seq analysis, genes were considered as inactive with mean tpm ≤ 1 and 773 active with mean tpm > 1 in control cells. Heat maps of mean normalized coverages at active 774 genes ± 500 bp were generated calling the plotRasterHeatmap and convertToColors with 775 using a range of 0.05 to 0.95 from tsTools version 0.1.1 (R) 776 (https://rdrr.io/github/musikutiv/tsTools/). Only genes > 3000 bp were considered and the 777 gene body (from TSS + 1000 bp to TTS -1000 bp) was scaled to 2000 bp. Exons were 778 converted to ber pase gene coverage vectors using a score of 1. Genes were hierarchical 779 clustered on the exon coverages by calculating the Euclidean distance by calling the function 780 dist (R) and clustered using the 'complete' method by calling the function hclust (R). To 781 generate density plots, kernel density estimates were calculated by calling the function 782 density (R). For transposon analysis, the P-element and Penelope transposon were removed 783 as they had zero counts in the input samples, leaving 124 transposons. For calculating 784
ChIP-seq signal at transposons, aligned reads were extended to 150 bp fragments, reads 785 were summed up and normalized with the size factor from reads aligned to the reference 786 genome or for spike-in ChIP-seq to D. virilis reference genome. ChIP-seq signal enrichment 787 at transposons was calculated as log 2 ratio of IP over input. Heat maps were generated by 788 calling the function pheatmap (R). 
